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Planar magnetron cathodes have arching magnetic field lines which concentrate plasma density to enhance ion bombardment and sputtering. Typical parameters are: helium at 1 to 300 milli-torr, 200 to 2000 gauss at the cathode, 200 to 800 volts, and plasma density decreasing by up to ten times within 2 to 10 cm from the cathode. A 2D, quasineutral, fluid model yields formulas for the plasma density: n(x,y), current densities: j j j j(x,y), j j j j e e e e (x,y), j j j j + + + + (x,y), the electric field: E y (y), and the voltage between the cathode surface and a distant plasma. An ion sheath develops between the cathode and the quasineutral flow. The thickness of this sheath depends on processes in the quasineutral flow. Experiments shows that T e (3 -> 8 eV) adjusts to ensure that a 0 t » 2.5 in helium, for ionization rate a 0 (10 4 -> 10 5 s -1 ), and electron transit time to the unmagnetized plasma t (10 -> 100 ms). Helium glow discharge cathode fall a 0 t is about 2.5, though this occurs at much higher voltage. This report outlines an analytical model of the distribution of plasma in the cathode fall of a planar magnetron cathode. Here I continue commentary on previous work, and introduce an ion sheath model to describe the discharge Òdark spaceÓ below the magnetron halo. Figure 1 is a schematic of these magnetized cathode falls. A constant density ion sheath extends from the cathode surface to a distance y * of the order of millimeters. The bulk of the cathode fall is the quasi-neutral region with falling density extending to a distance y 0 of the order of centimeters. Beyond y 0 the plasma electrons are no longer magnetized, and the plasma is uniform. (37)
n(x,y) º n 0 (y) L(x,y) n 0 (y) º n(-x p ,y) 
Besides the magnetic field, the model requires T e , j ¥ or n ¥ , and both a 0 and n eN (which depend on T e and the gas). The proper T e to select for any gas mixture is that which gives the same a 0 t as a glow discharge conveying the same amount of current. Please see reference 2 for a complete discussion on how a 0 t, the product of the ionization rate and electron transit time from the cathode to y 0 , allows for a direct comparison of cathode falls from planar magnetron cathodes and glow discharges.
Magnetized cathodes operate at lower voltage than glow discharges of equal current because electrons are confined near the cathode for a longer time thus producing the required ionization at lower average energy.
After reference 1 was issued I realized that equation (52) can be stated more simply as:
In practice the lateral limits ±x p should be taken beyond the poles of the flanking magnets (more generally, beyond the points where B x (x,0) = 0 given that x = 0 is the center of the magnetron track and halo). These limits appear in equations (59) 
The sheath forms to a distance y from the cathode, where the local density n(y) and voltage V(y) (which sets V i ) make h Di = y. The ion kinetic energy is estimated most simply as V i = V 0 -V(y), for V 0 = the total voltage drop between the cathode and the end of the magnetized ÒfallÓ at y 0 [same as y ¥ in reference 1, defined by equation (53)]. V(y) rises from zero at the cathode to V 0 at y = y 0 . \ h D i = e 0 (V 0 -V(y)) e n(y) = y
( 2) It is assumed here that only the most dense plasma, between the magnet poles (x=0), need be considered. Equation (2) is an energy condition for sheath formation: ions must have sufficient kinetic energy to create a charge separation of density n over a distance y with electrons immobilized by B x .
A unique value of y is determined with the addition of a current conservation condition: (ion current from the sheath) = (ion + electron currents from the quasi-neutral flow):
Assuming that most of the current is conveyed at x = 0 (between poles), then the integration over x can be dropped (DZ = length of magnetron track), leaving: e n h (0) v h = e n(y * ) (v + + v e )
The ion density in the sheath is constant as no ionization occurs because the electrons are immobilized, \ n h = n(y * ) = the plasma density at the interface between the sheath and the quasi-neutral flow. All the current at the cathode surface is carried by ions at V i = V 0 , [recall that V(y=0) = 0], the ions being accelerated through the sheath. Thus the current continuity expression above is simplified to: v h = 2 e V 0 m + = 2 e m + (V 0 -V(y * )) + v e (y * )
Here v e (y) is the fluid velocity component in the +y direction.
Now solve for y * by eliminating V 0 -V(y) from both (2) and (3). The first and then last steps of this algebra are as follows:
2 e V 0 m + = 2 e m + (y * 2 e n(y * ) e 0 ) + v e (y * ) y * = e 0 m + 2 e 2 n(y * )
( 2 e V 0 m + -v e (y * ))
The sheath starts where quasi-neutral n(y) and v e (y) are related to coordinate y as in equation (4). In this work a simple splice is effected: below y * is ion sheath, above y * is quasi-neutral flow. This formula produces a sheath height comparable to the Òdark spacesÓ seen in the experiment. Note that for negligible v e (y * ), the expression for y * reduces to a Debye length formula: y * = e 0 V 0 e n(y * ) reflecting formula (1) with specific choices for ion kinetic energy and sheath density. These choices are determined by the balance of ionization and transport in the magnetized, quasi-neutral flow.
Reference 3 discusses ion sheaths with magnetized electrons, however the regime of interest in that report was very different than that of sputter discharges. The essential point here is that ions can use their kinetic energy to create a charge separation when electrons are fixed by transverse field lines. The relationship between the ion energy, the charge density and the extent of the separation is the Debye length formula. M M M Ma a a ag g g gn n n ne e e et t t t o o o or r r ri i i ie e e en n n nt t t ta a a at t t ti i i io o o on n n n Figures 2, 3, and 4 show the types of magnet orientations discussed in reference 2. A magnet whose polar axis is perpendicular to the cathode surface nearest the plasma halo is said to be at 0¡. A magnet whose polar axis is parallel to the cathode surface closest to the plasma halo is said to be at 90¡. A fin cathode as shown in Figure 4 was found to produce the lowest overall discharge impedance in the experiments described in reference 2. normalization power density, Watts/m^3 1 1 1 1 . . . . 4 4 4 4 7 7 7 7 3 3 3 3 2 2 2 2 . . . . 9 9 9 9 9 9 9 9 7 7 7 7
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